In this study, a ternary hybrid nanocomposite of Co 3 O 4 @polypyrrole/MWCNT was prepared via oxidative polymerization of pyrrole monomer and a hybrid composite by a hydrothermal process. The synthesized hybrid nanocomposite was characterized by Raman spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy-EDX (SEM-EDX), and field emission resolution transmission electron microscopy (FE-TEM). The results of the structural and morphological studies of the hybrid nanocomposite show its controlled morphology and thermal stability. In addition, the electrochemical performances of charge-discharge cycles and impedance results were evaluated by cyclic voltammetry (CV) analysis. The as-synthesized hybrid nanocomposite was used to fabricate a three-electrode system in the presence of an electrochemical cell with 6 M potassium hydroxide (KOH) as electrolyte. The electrochemical performance of the hybrid composite displays good capacitive behavior with a specific capacitance of 609 F g À1 at a current density of 3 A g
Introduction
Supercapacitors are an emerging energy storage nanotechnology that are attractive primarily due to their ability to store and release energy instantaneously, low cost, long life, and high power density of the materials. [1] [2] [3] This kind of energy power supply is predominately required for electric vehicles, consumer electronics, and portable devices. 4, 5 The good features of high specic power density, fast charge and discharge rate, and long cycle life, mean that supercapacitors are recognized as important electrical energy storage materials. In electrochemical systems, the different energy storage mechanisms of supercapacitors can be classied into two categories: double-layer capacitors (EDLCs), and electrochemical pseudocapacitors (EPCs). The capacitance of EDLCs is based on charge separation at the electrode/electrolyte interface, and the capacitance of EPCs arises from fast and reversible faradic redox reactions that can occur within the electroactive materials. 6, 7 Metal oxides play a very important role in many research elds of chemistry, physics, materials science and engineering, because due to the metal, a large diversity of metal oxides are able to be formed. Nanotechnology is utilized in the metal oxides for the fabrication of supercapacitors, sensors, microelectronic circuits, piezoelectric devices, and fuel cells. 8, 9 The development of high performance electrode materials for supercapacitors has been of great interest in recent years, with reports on conducting polymers and carbon-based metal oxides. 10, 11 One major part of the current research on supercapacitors is focused on fabricating better electrode materials with higher energy storage capacity, as well as lower fabrication costs and easily processable techniques. [12] [13] [14] Among the metal oxide materials, Co 3 O 4 has attracted wide interest due to its high theoretical capacity, which meets the requirements for energy storage in the supercapacitors. However, its application is limited by the poor cyclability, resulting from its large volume expansion/ contraction during electrochemical reactions. Many binary metal oxides, such as Co 3 O 4 , RuO 2 , NiO, Mo 2 O 3 , V 2 O 5 and MnO 2 , showed promising performances in the ternary or higher order metal oxides for supercapacitor applications. [13] [14] [15] In particular, cobalt oxide (Co 3 O 4 ) is a transition metal oxide with fascinating electronic, optical, electrochemical, and electrocatalytic properties of hybrid nanocomposites. The cobalt oxides and hydroxides proved that the much higher capacitance of the nanostructure than their conventional bulk counterparts has signicant effects on the capacitance performance of the active electrode materials. Cobalt oxide thin lm has been synthesized by various methods, such as hydrothermal, spray pyrolysis, sputtering, chemical vapor deposition (CVD), pulse laser deposition, sol-gel process, and electrodeposition for different substrates materials. [16] [17] [18] The cobalt oxide (Co 3 O 4 )-based hybrid nanocomposites offer great potential in the eld of supercapacitors, heterogeneous catalysts, electrochemical sensors, and Li-ion rechargeable batteries. 19 In addition, polypyrrole (PPy) has received attention for the easy oxidation, water solubility, and commercial availability of pyrrole monomers. PPy and carbon materials have attracted attention due to the synergistic effects between these carbon-based components. The conducting PPy shows unique properties in the doping mechanism, and high electrical conductivity due to the promising electrode materials in pseudo-capacitors. The electrical conductivity and control morphology of PPy may be very useful in the electrochemical performance of supercapacitors. The porous PPy showed good capacitance performance on hybrid composites and conducting pathways, effective interface area, and nanoscale dimensions. The composites, PPy as the matrix material, of a wide range of desirable properties have received tremendous research, as they have potential applications in many elds, such as molecular electronics, electrochemical display devices, catalysis, electromagnetic shields, microwaveabsorbing materials, supercapacitors, and batteries. [20] [21] [22] Many studies have been performed in order to examine the redox properties of PPy synthesized in the presence of different electrolytes based on cyclic voltammetry measurements. Therefore, the PPy hybrid composites have also been synthesized by various active substrates, such as graphene, carbon nanotubes (CNTs), and graphene oxide, to increase the surface area and improve electrical conductivity. The CNT-PPy composites are reported in the specic capacitance range of 180-500 F g À1 in the hydrothermal process. In the graphene oxide, PPy composites have been synthesized by an in situ chemical polymerization, and show good performance with a specic capacitance of 728 F g À1 at a discharge current density of 0.5 A g À1 .
The control morphology of Co 3 O 4 nanotubes hybrid composite via micro emulsion, colloidal template method, template assisted, and direct oxidation of cobalt nanowires were reported in the literature. [20] [21] [22] Although many research articles have been published based on the synthesis of carbon nanotube/Co 3 O 4 composites for supercapacitor properties, the fabrications of hybrid composite with attractive morphologies are scarce in the literature. [20] [21] [22] [23] Therefore, the hybrid composites with different architectures are undoubtedly promising electrode materials for supercapacitors. In the present study, Co 3 O 4 @MWCNT/PPy hybrid composites were synthesized by a hydrothermal process as electrode materials. Their supercapacitor behavior was investigated in 6 M L À1 KOH electrolyte solution by cyclic voltammetry (CV), galvanostatic charge-discharge tests, and electrochemical impedance spectroscopy analysis (EIS).
Experimental section

Materials
All chemicals reagents were of analytical grade, and were used without any further purication process. The multiwall carbon nanotube (MWCNT-CMP-310F, MWCNT 10-20 nm) purchase from ILjin Nanotech Co. Ltd, South Korea. Pyrrole, sulphuric acid, nitric acid, ferric chloride (FeCl 3 ), sodium dodecyl benzenesulfonate (SDBS), butanol, hexane and cobalt chloride, potassium hydroxide (KOH) and polytetrauorethylene (PTFE) were used in the present study as received from Aldrich Chemical Company, South Korea.
Synthesis of carboxylic group's functionalization
MWCNTs were synthesized by oxidation according to the reported procedure. 23, 24 The calculated amounts of 0.5 g of MWCNTs were dispersed in 80 mL of concentrated H 2 SO 4 and HNO 3 with a volume ratio of 3 : 1, using an ultrasonicator for 1 h. The reaction mixture was heated at 80 C for 6 h, and washed with water several times, until becoming a neutral pH ¼ 7. The resultant product of the functionalized MWCNTs was ltered by using 0.2 mm PTFE membrane lter, and dried in vacuum at 80 C for 24 h. Finally, the carboxylic functionalized multiwall carbon nanotubes materials underwent further characterization.
Synthesis of polypyrrole (PPy)-MWCNT hybrid composite
The chemical composition of the microemulsion process of PPy-MWCNT hybrid nanocomposite system was followed by the Santhosh Paul process. 25 The micro emulsion protocol ( Fig. 1 ) was as follows: 0.5 g ferric chloride (FeCl 3 ), 20 mL of distilled water, 4 g sodium dodecyl benzenesulfonate (SDBS), 0.9 mL of butanol, and 6 mL hexane were used. The PPy-MWCNT hybrid composite was synthesized via in situ microemulsion polymerization, where the calculated amount of pyrrole and 0.5 g of FeCl 3 was added slowly to initiate the polymerization of PPy monomer. Then, the MWCNTs were dispersed into the microemulsion system containing monomer by sonication, and then underwent constant stirring at 90 C for 12 h. The polymerization reaction system was quite stable, without any evident precipitation. Finally, the reaction mixture was ltrated, and washed with ethanol and water several times, and the resultant black powder was dried in vacuum at 90 C for 24 h. The puried product of PPy-MWCNT hybrid composite was collected for further analysis in a sealed bottle to avoid moisture.
Synthesis of Co 3 O 4 @PPy/MWCNT hybrid composite
The cobalt oxide was synthesized from cobalt chloride, 0.5 g of PPy-MWCNT, and 7.25 g of cobalt chloride in 50 mL of distilled water and vigorous stirring at 90 C for 3 h. The PPY-MWCNT and cobalt chloride were mixed together, and were well dispersed in the presence of water. Aer that, the required amount of 25% ammonia was added in dropwise, controlled to basic pH ¼ 9, and continuously stirred for 12 h. The reaction mixture was then ltered and dried in vacuum oven at 90 C for 6 h, and washed with ethanol, and next, the product of cobalt hydroxide underwent calcination at 180 C for 12 h. The resultant product of cobalt oxide was puried by ethanol several times, and the sample collected for further characterization in sealed bottle.
Electrochemical analysis
The electrochemical performance tests were characterized by using a three-electrode system. This electrochemical system contained Pt electrode, Ag/AgCl electrode, and working electrode (Co 3 O 4 @PPy/MWCNT). In this test, we performed cyclic voltammetry (CV), chronopotentiometry (CP), and electrochemical impedance spectroscopy (EIS). The electrochemical results were obtained on an (Autolab PGSTAT302N Metrohm, Netherlands) electrochemical workstation at room temperature, followed by CV analysis for the use of 6 M KOH solution as electrolyte. The electrode preparation and electrochemical characterization were conducted according to the following steps. The active materials of 75 wt% (hybrid composite), 20 wt% acetylene black as a conducting agent, and 5 wt% polytetrauorethylene (PTFE) as a binder, were mixed to a homogenous state, and pressed into a nickel foam (1 cm Â 1 cm) current collector under a pressure of 8 MPa. Based on the composition, the electrochemical measurements were carried out at room temperature in a threeelectrode system consisting of the electrode as hybrid composite working electrode, an Ag/AgCl as reference electrode, and a platinum wire as counter electrode, in the presence of 6 mol L À1 KOH electrolytic solution. The electrochemical behavior of the hybrid electrode was characterized by cyclic voltammetry (CV), galvanostatic charge-discharge tests, and electrochemical impedance spectroscopy test at a Versa STAT3 electrochemical workstation (Princeton Applied Research, USA). The CV was conducted in the potential range between 0.0 and 0.10 V versus SCE at various scan rates. The constant current charge-discharge test was carried out at different current densities in the potential range of À0.1 to 0.0 V. Electrochemical impedance spectroscopy was carried out to prove the capacitive performance at open circuit potential in 6 M L À1 KOH in the frequency range of 0.01-105 Hz.
Characterization
FTIR spectra were obtained by Bio-Rad FTS 3000 spectrometry from Digilab (Cambridge, USA) with KBr beam splitter, detector at 8 cm À1 resolution, and 300 scans per sample. Wide-angle XRD patterns of hybrid composite samples were recorded by Rigaku Rotaex (RU-200B) X-ray diffractometry using Cu-K a radiation with a Ni lter. The tube current and voltage were 300 mA and 40 kV, respectively, and data from the 2q angular regions between 5 and 80 C were collected. The morphology, size, and structure of the materials were determined by eld-emission scanning electron microscopy (FE-SEM, Hitachi S-4800, Japan), and high-resolution TEM (HR-TEM, JEM-2010F).
The amount of cobalt present in the hybrid composite was studied by inductively coupled plasma mass spectrometer (ICP-MS-Elan6100/Perkin Elmer, Frequency-40 MHz detection limit range -sub ppb). The hybrid composite samples were characterized by using particle size analyzer (Mastersizer 2000/Malvern) the size range from (0.02À2000 mm), light sources-(Red He-Ne, laser 633 nm) and (Blue solid state light source 466 nm, power 110/240 V) Worcestershire, UK. The surface properties were characterized by physisorption analyzer (ASAP2020/ micromeritics), surface area 0.0005 m 2 , temperature 1100 C and ramp rate from 1À20 C min À1 Atlanta, GA. The electrochemical properties were studied by means of cyclic voltammetry (CV) analysis. In this experiment, three-electrode systems were used, such as working electrode (hybrid composite), Ag/ AgCl as the reference electrode, and Pt wire as the counter electrode. The CV was scanned from À0.1 to 0.0. SCE at a series of scan rates ranging from 100 to 10 mV s À1 . The galvanostatic charge discharge (GCD) was performed at current densities from 1 to 15 A g À1 , and impedance spectroscopy (EIS) was carried out in the frequency range of range of 0.01-105 Hz amplitude, referring to the open circuit potential.
Results and discussion
FTIR spectral analysis
The FT-IR spectra recorded for PPy, MWCNT, and PPy-MWCNT hybrid composite nanocomposite results were discussed in detail. 26 In the FT-IR spectrum of MWCNT, the small intense related to the breathing mode of rings, while the G-band represents the sp 2 hybridized carbon atoms.
X-ray diffraction analysis (XRD)
Zhang et al. 27 shows the XRD pattern of PPy, PPy-MWCNT hybrid nanocomposite. The diffraction peaks of MWCNT-PPy indicate the formation of PPy-MWCNT hybrid composite by an in situ polymerization process. 27 The spectral result shows the peak at 2q ¼ 22.36 to 28.30 can be attributed to the MWCNT-PPy structure. In addition, Fig. 2(c) 
X-ray photoelectron spectroscopy (XPS)
XPS was performed in order to deeply characterize the elemental composition of the surface of the hybrid composite, as well as the chemical environment of the cobalt, oxygen and carbon atoms. Fig. 2(d) shows the high-resolution spectral results for the cobalt oxides (Co 2p, O 1s and C 1s) core levels, respectively. The survey XPS spectrum (Fig. 2(d) ) of the hybrid composite shows C 1s (283.4 eV), O 1s (530.4 eV), N 1s (397.8 eV), and Co 2p (780.7 eV), which conrms the presence of these elements in the composite. Fig. 2(e) shows that the spin-orbit peaks in the high-resolution spectrum for Co 2p 3/2 and Co 2p 1/2 are observed at 780.7 and 796.5 eV, respectively, which are in good agreement with the previous studies. [28] [29] [30] The core-level N 1s spectrum (Fig. 2(f) ) result shows that the 398-402.2 eV corresponds to PPy nitrogen. 
Morphological and surface properties of the hybrid composite
Cyclic voltammograms
Cyclic voltammetric measurements (CV) were performed in a potential range between À0.10 to 0.0 V (versus Ag/AgCl), to examine the electrochemical characteristics of the prepared hybrid composite. Fig. 8(a) presents the CV curves of the hybrid composite electrode in 6 M L À1 KOH at the scan rates of 10 to 100 mV s À1 . A pair of well-dened broad redox reaction peaks is visible in the CV curves, indicating that the electrochemical capacitance of the hybrid composite electrode mainly results from the pseudocapacitance. Furthermore, the peak current increases with increasing scan rate from 10 to 100 mV s À1 , which suggests its good reversibility of the fast chargedischarge response. The possible mechanism may be attributed to Co 3 O 4 + OH À + H 2 O / 3CoOOH + e À . According to the literature, 31,32 the surface adsorption of high concentration alkali ions can decrease the electrolyte starvation near the electrode surface and reduce the internal resistance of the electrode, which factors help to improve the pseudocapacitance resulting from the above surface reaction. Fig. 8(a) shows the CVs that were conducted at a scan rate of 10-100 mV s À1 in 6 M KOH over the potential range of À0.1 to 0.0 V versus Ag/AgCl, for the Co 3 O 4 @MWCNT/PPy hybrid composite electrodes. The shape of the CV loop for the composite electrode shows welldened broad redox reaction without any redox peaks, indicating a double layer capacity behavior. The electrode shows a higher current density response than the MWNT, indicating its good charge storage performance. These results suggest that the overall capacitance of the electrode increases, due to the presence of Co 3 O 4 . The CV tests of the electrode Fig. 8 (a) at various scan rates (10, 20, 40, 60, 80 , and 100 mV s
À1
) shows well dened broad redox reaction indicating its good capacitance behavior. The specic capacitance of the hybrid electrode can be calculated according to the following equation. 31, 32 The CV results of measured pseudocapacitance values are mainly depends on redox reactions between the cobalt oxide-MWCNT/ PPy. As the scan rate increased, the overall shape of the curves was maintained, indicating good high-rate performance. The specic capacitances calculated from the CV curves are 615, 490, 383, 308, 295 and 276 F g À1 for scan rate of 10, 20, 40, 60, 80 and 100 mV s À1 respectively.
Galvanostatic charge-discharge analysis
The MWCNT have been attractive materials for electrodes of supercapacitors due to their high accessible surface area, high electronic conductivity, chemical and mechanical stability. The specic capacitance of pristine MWCNTs (90-140 F g À1 ). 33, 34 In order to improve the mechanical and electrochemical properties of electrodes based on conducting polymers, the composites of conducting polymers and CNTs have been synthesized for supercapacitor applications. It has been shown that CNTs play a role of a perfect backbone for a homogeneous distribution of conducting polymer in the composites. In many studies, various nanostructured PPys, such as nanobers, porous structures, and even lms, have been synthesized and the specic capacitance ranged from 170 to 300 F g À1 . The PPy composites have also been synthesized by using various active substrates, such as carbon nanotubes (CNTs), graphene oxide, graphene, to increase the surface area and improve electrical conductivity. CNT-PPy composites are reported to have the specic capacitance of 180-500 F g À1 . The PPy graed graphene nanosheet composites have been fabricated by the in situ chemical oxidative graing polymerization, revealing a maximum discharge capacitance of 191.2 F g À1 . Kim et al.
reported that high-specic capacitance and good high-rate capability of PPy/CNT composite electrodes in presence of three-dimensional entangled structure of a CNTs. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] In addition, the chemical synthesis of free-standing PPy nanotubes provides a potential candidate for thermoelectric application and membrane for anode of microbial fuel cells. Based on these aspects it has been reported the use of CNTs materials in association with pseudocapacitors to achieve the desired performance for energy storage devices. The specic capacitance of PPy-MWCNT nanotube was reported 140-211 F g To increase the conductivity of the composites, different substrate materials can be adopted. The highly ordered inorganic nanotube array materials can be applied as substrate materials owing to their high surface area and chemical-electrochemical stability.
33-47
Fig . 8(b) shows the initial ve galvanostatic chargedischarge curves of the hybrid composite electrode in 6 M L À1 KOH solution at a galvanostatic current density of 3, 7, 10, 13, and 15 A g
À1 . An approximately mirror-like potential-time response behavior can be observed, which also implies that the charge-discharge process of the hybrid composite electrode is reversible. The specic capacitance has been calculated from the following equation: [33] [34] [35] Fig. 8(c) shows the specic capacitance versus current density plot. The hybrid composite showed specic capacitances of 609, 483, 364, and 291 F g À1 at 3, 7, 10, 13, and 15 A g À1 respectively. The specic capacitance decreases as the applied current increases, due to the limited movement of electrolyte ions through the electrodes. The hybrid composite exhibits higher capacitance (609 F g À1 ) than pure MWNT, due to the decoration of cobalt oxide onto the MWNT/PPy surface, which effectively prevents the agglomeration of MWNT, thereby facilitating ion transport in the electrode material, increasing the EDLC. Moreover, the composite shows a capacitance of 291 F g À1 even at a high current density of 15 A g À1 , indicating its excellent rate capability. Fig. 8(d) shows a plot of the cyclic number versus the specic capacitance. The electrode shows only 2.9% capacitance loss aer 5000 cycles at a current density of 3 A g À1 , indicating its outstanding rate capability. This is attributed mainly to the good interconnectivity between the Co 3 O 4 and MWNT/PPy, rapid electron transfer and charge separation, and good conductive network. Table 1 shows the comparison of our results with the previously reported hybrid composite electrodes. The specic capacitance of the hybrid composite electrode determined from the discharge curves is ca. 609 F g À1 at a current density of 3 A g
À1
, which is much larger than that of the crater-like Co 3 O 4 microspheres and mesoporous Co 3 O 4 nanoparticles. [33] [34] [35] The outstanding electrochemical capacitance of the synthesized hybrid composite electrode can be attributed to its unique morphology and large specic surface area, which help to enlarge the contact area between electrode and electrolyte in the presence of 6 M KOH. The small capacitance fading at a very high galvanostatic current density shows that the hybrid composite structure allows for a rapid redox reaction at high current densities. Galvanostatic charge-discharge experiments were undertaken to study the cycling stability of the hybrid composite electrode. The charge-discharge studies were performed at a current density of 3 A g À1 in 6 M L À1 KOH solution, and Fig. 8(d) shows the variation of specic capacitance for 5000 cycles. The hybrid composite electrode exhibits good stability and reversibility, with cycling efficiency of 97.1% aer 5000 cycles. The energy and power density (Fig. 4(f) Table 1 shows that we also compared our results with the previously reported MWCNT/ Co 3 O 4 and conducting polymer cobalt oxide hybrid composite electrodes. Fig. 4(e) shows the typical Nyquist plots of the hybrid electrode. The plot consists of a semicircle at the high frequency region, and a straight line at the low frequency region. From the point intersecting with the real axis in the range of high frequency, the internal resistance of the hybrid composite electrode in an open circuit condition is evaluated, which is composed of three sections:
Electrochemical impedance spectroscopy (EIS) analysis
35,36 the ionic resistance of the electrolyte, the intrinsic resistance of the electro active material, and the contact resistance between the active material and the current collector. In the high-to-medium frequency region, one semicircle related to faradic reactions can be discovered, which should be attributed to the charge transfer resistance at the electrode/electrolyte interface. 35, 36 The low ESR value and comparatively straight line in the low-frequency region may be due to the incorporation of Co 3 O 4 hybrid composite, which enhanced the electrochemical properties of MWCNT/PPy. The charge transfer resistances (from the diameter of the semicircle) of the electrode before and aer 1000 cycles were calculated to be 0.28 and 0.30 U, respectively, demonstrating the stable electrochemical performance of the material. The phase angle for the impedance plot of the active electrode was observed to be higher than 45 in the low frequencies, suggesting that the electrochemical capacitive behavior of the active electrode is not controlled by the diffusion process. These ndings imply that the unique structure of the active electrode can facilitate ionic motion in the solid electrode.
Conclusions
In summary, nanocrystalline Co 3 O 4 /MWCNT/polypyrrole hybrid composites were synthesized via a hydrothermal reaction process, and their electrochemical properties were investigated by cyclic volumetric analysis. It has been shown that the hydrothermal reaction time has a signicant inuence on the hydrolysis rate, on nucleation, as well as polycrystalline behavior. The structural and morphological properties of the hybrid composite were characterized by XRD, and FE-TEM analysis. The XRD and FE-TEM analyses show that the spinal phase Co 3 O 4 has been synthesized in the controlled nanometer scale. These results indicate that the Co 3 O 4 /MWCNT decorated and was homogeneously distributed between the PPy polymers.
The preparation of the Co 3 O 4 /MWCNT composite via hightemperature calcination leads to the formation of hybrid structure. Therefore, the hybrid composite shows high electrochemical performance. The high cyclic stability, losing only 2.9% of its initial capacitance aer 5000 cycles, indicates that the hybrid composite could be a potential candidate in the eld of supercapacitors. To conclude, Co 3 O 4 /MWCNT/PPy hybrid composite electrodes were fabricated by a simple and cheap method, and proved to be promising for anodic electrodes for the electrochemical high-performance supercapacitor. This study shows promising potential for the fabrication of stable, cost-effective, and high-performance hybrid composite electrodes for supercapacitor applications.
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